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Abstract
Acetyl-CoA carboxylase catalyzes the first and regulated step in fatty acid synthesis. In most 
Gram-negative and Gram-positive bacteria, the enzyme is composed of three proteins: biotin 
carboxylase, a biotin carboxyl carrier protein (BCCP), and carboxyltransferase. The reaction 
mechanism involves two half-reactions with biotin carboxylase catalyzing the ATP-dependent 
carboxylation of biotin-BCCP in the first reaction. In the second reaction, carboxyltransferase 
catalyzes the transfer of the carboxyl group from biotin-BCCP to acetyl-CoA to form malonyl-
CoA. In this report, high-resolution crystal structures of biotin carboxylase from Haemophilus 
influenzae were determined with bicarbonate, the ATP analogue AMPPCP; the carboxyphosphate 
intermediate analogues, phosphonoacetamide and phosphonoformate; the products ADP and 
phosphate; and the carboxybiotin analogue N1′-methoxycarbonyl biotin methyl ester. The 
structures have a common theme in that bicarbonate, phosphate, and the methyl ester of the 
carboxyl group of N1′-methoxycarbonyl biotin methyl ester all bound in the same pocket in the 
active site of biotin carboxylase and as such utilize the same set of amino acids for binding. This 
finding suggests a catalytic mechanism for biotin carboxylase in which the binding pocket that 
binds tetrahedral phosphate also accommodates and stabilizes a tetrahedral dianionic transition 
state resulting from direct transfer of CO2 from the carboxyphosphate intermediate to biotin.
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The vitamin biotin is a cofactor for enzymes involved in the metabolism of CO2.1 For the 
biotin-dependent carboxylases, bicarbonate is utilized as the source of CO2. Biotin-
dependent carboxylases are multifunctional enzymes in that they are composed of three 
different proteins: biotin carboxylase, a biotin carboxyl carrier protein (BCCP) that is 
covalently linked to biotin, and a carboxyltransferase. In eukaryotes, all three proteins form 
different domains on a single polypeptide chain,2 while in prokaryotes, the functional 
enzymatic unit consists of a complex of all three proteins.3 This multifunctional character 
means biotin-dependent carboxylations occur via two half-reactions shown in Scheme 1.
In the first half-reaction, catalyzed by biotin carboxylase, ATP is used to activate 
bicarbonate by forming a carboxyphosphate intermediate (Figure 1A). The carboxyl group is 
transferred to biotin (designated as E-biotin in Scheme 1 to indicate that it is attached to 
BCCP) by direct attack on carboxyphosphate,4 or carboxyphosphate decomposes in the 
active site to form phosphate and the more electrophilic CO2.4,5 The reaction catalyzed by 
biotin carboxylase also requires two metal ions; one is bound to ATP such that the metal–
nucleotide chelate is the substrate, and the other metal ion binds in the active site.6 While the 
first half-reaction is virtually identical in all biotin-dependent carboxylases, the second half-
reaction, catalyzed by carboxyltransferase, varies depending on the specific acceptor 
molecule. For example, acetyl-CoA is the acceptor for acetyl-CoA carboxylase.
The three-dimensional structure of the Escherichia coli biotin carboxylase subunit from 
acetyl-CoA carboxylase revealed that the enzyme belongs to the ATP-grasp superfamily of 
enzymes.7,8 Members of this superfamily of enzymes catalyze the reaction of a carboxyl 
group with either a nitrogen or a sulfur nucleophile.9 The carboxyl group is activated for 
nucleophilic attack by reacting with ATP to form an acyl phosphate intermediate. Biotin 
carboxylase and all members of the ATP-grasp superfamily of enzymes contain three 
structural domains (Figure 2A).7 The N-terminus or A-domain is formed by a five-stranded 
parallel β-sheet flanked on either side by a total of four α-helices. The N-terminal domain is 
connected to the central or B-domain, which is composed of a three-stranded antiparallel β-
sheet covered on one side by two α-helices with the second and third β-strands of the B-
domain connected by a highly flexible glycine rich loop called the T-loop. The C-domain 
contains an eight-stranded antiparallel β-sheet, a three-stranded antiparallel β-sheet, and 
seven α-helices.
Since the original structure of biotin carboxylase was published,10 there have been 
numerous structures of the enzyme from several different bacteria that have either ATP,11 
ADP,12 or nucleotide analogues such as AMPPNP bound in the active site.12 One structure 
of biotin carboxylase contained the product ADP along with the substrates bicarbonate and 
biotin.13 The current structures show that the A- and C-domains form a platform for 
substrate binding and that upon nucleotide binding the B-domain rotates ~45° relative to the 
A-and C-domains to cover the active site (Figure 2B). Moreover, the T-loop that is 
disordered in the absence of ATP becomes ordered upon nucleotide binding because the 
main chain amides of the glycine residues hydrogen bond to the β- and γ-phosphoryl 
oxygens of ATP. While these structures have been invaluable for understanding the function 
of biotin carboxylase, they provide an incomplete picture of the mechanism of biotin 
carboxylase. Missing are three-dimensional structures that show the relative positions of the 
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substrates and products of the reaction. The high-resolution crystal structures described in 
this report fill this void, provide insight into the chemical mechanism of biotin-dependent 
carboxylations, and suggest a mechanism for how the biotin-dependent carboxylases 
evolved to bind bicarbonate.
EXPERIMENTAL PROCEDURES
Reagents
Crystallization reagents, 24-well sitting drop trays, 0.1–0.2 mm mounted cryoloops, and 
CrystalCap Magnetic caps were purchased from Hampton Research. Phosphonoacetamide 
was a gift from H. K. Schachman of the University of California (Berkeley, CA). All other 
reagents were from Sigma-Aldrich.
Crystallization of Biotin Carboxylase
Biotin carboxylase from Haemophilus inf luenzae was a gift from Pfizer. The sequence of 
the protein can be found at the National Center for Biotechnology Information Web site 
under the protein database as accession number P43873.1. Biotin carboxylase was 
cocrystallized with each of the following ligands: ADP + PO4, HCO3− + AMPPCP, 
AMPPCP + Mg2+, phosphonoacetamide (PAM), phosphonoformate (POF), AMPPCP + 
PO4, HCO3−, and ADP + N1′-methoxycarbonyl biotin methyl ester. For all of the ligands, 
except N1′-methoxycarbonyl biotin methyl ester, a small volume of ligand solution was 
mixed with a 10.6 mg/mL solution of biotin carboxylase dissolved in 10 mM HEPES (pH 
7.2), 150 mM KCl, and 1 mM TCEP [tris(2-carboxyethyl)phosphine]. Because N1′-
methoxycarbonyl biotin methyl ester was water insoluble, the compound was added as a 
solid to a solution of protein and incubated at 4 °C for 2 weeks prior to crystallization. The 
various protein–ligand complexes were then crystallized via the sitting drop vapor diffusion 
method using a 1:1 ratio of protein to well solution (total drop volume of 4 μL) at room 
temperature. Once grown (usually for 2–4 weeks), the crystals were mounted, transferred to 
a cryoprotectant solution equivalent to the well solution with 20% ethylene glycol, and then 
immediately flash-cooled by immersion in liquid nitrogen. The specific crystallization 
condition for each of the protein–ligand complexes can be found in Table 1.
Synthesis of Biotin Methyl Ester
D-(+)-Biotin (5.00 g, 20.5 mmol, 10.25 equiv) and p-toluenesulfonic acid (monohydrate) 
(0.38 g, 2.0 mmol, 1.00 equiv) were dissolved in dry methanol (80 mL) and refluxed for 48 
h. The solution was then cooled at 4 °C overnight, resulting in the formation of crystals that 
were filtered and dried in vacuo to yield biotin methyl ester as a colorless solid 3.9 g (74%): 
Rf = 0.37 (95:5 CH2Cl2:MeOH); 1H NMR (CDCl3, 400 MHz) δ 1.38–1.55 (m, 2H), 1.60–
1.78 (m, 4H), 2.35 (t, J = 7.4 Hz, 2H), 2.74 (d, J = 12.8 Hz, 1H), 2.92 (dd, J = 12.8, 4.9 Hz, 
1H), 3.10–3.19 (m, 1H), 3.67 (s, 3H), 4.25–4.33 (m, 1H), 4.47–4.56 (m, 1H), 5.43 (s, 1H), 
5.87 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ 24.8, 28.2, 28.3, 33.7, 40.6, 51.6, 55.4, 60.1, 
61.9, 163.6, 174.2; HRMS (ESI-TOF) calcd for C11H19N2O3S (M + H)+ m/z 259.1111, 
observed m/z 259.1119.
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Synthesis of N1′-Methoxycarbonyl Biotin Methyl Ester
Biotin methyl ester (6.45 g, 0.025 mol, 1 equiv) and methyl chloroformate (90 mL, 110.07 
g, 1.165 mol, 46.6 equiv) were dissolved in CHCl3 (140 mL) and refluxed for 72 h, after 
which excess CHCl3 and methyl chloroformate were removed by distillation. Hot ethyl 
acetate was added to the remaining mixture while it was being stirred until a colorless 
precipitate formed. The precipitate was filtered and washed, and the resulting solid was 
purified by flash chromatography on silica gel eluting with a 95:5 CHCl3/MeOH solvent. 
The resulting oil was dissolved in a minimal amount of hot methanol, at which point water 
was added dropwise until the solution turned cloudy. The solution was then cooled to room 
temperature and placed in a freezer overnight. The resulting crystals were filtered, dried in 
vacuo, and recrystallized to yield N1′-methoxycarbonyl biotin methyl ester as a colorless 
solid (5.2 g, 66%): Rf = 0.73 (1:1 Hex:EtOAc); 1H NMR (CDCl3, 400 MHz) δ 1.38–1.56 
(m, 2H), 1.59–1.78 (m, 4H), 2.34 (t, J = 7.4 Hz, 2H), 3.01 (dd, J = 13.6, 5.3 Hz, 1H), 3.13 
(d, J = 13.6 Hz, 1H), 3.15–3.23 (m, 1H), 3.67 (s, 3H), 3.86 (s, 3H), 4.18–4.24 (m, 1H), 4.79–
4.88 (m, 1H), 6.49 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ 24.6, 28.0, 28.2, 33.5, 38.7, 51.6, 
53.6, 55.3, 57.6, 62.8, 152.5, 155.8, 174.0; HRMS (ESI-TOF) calcd for C13H21N2O5S (M + 
H)+ m/z 317.1166, observed m/z 317.1166.
X-ray Data Collection, Structure Determination, and Refinement
X-ray diffraction data were collected at Advanced Photon Source (APS) beamline NE-CAT 
24-ID-E or NE-CAT 24-ID-C equipped with an ADSC Q315r or Dectris Pilatus 6M 
detector, respectively. The data were processed and scaled using XDS14 and Scala.15 All of 
the crystals were in space group P64, where the asymmetric unit contained a monomer of the 
biotin carboxylase homodimer. Phases were obtained by molecular replacement using 
Phaser16 and the homodimer of E. coli biotin carboxylase [Protein Data Bank (PDB) entry 
1DV2] as a search model. The molecular replacement solution was further refined using 
several cycles of phenix.refine16 for all the structures except the one with ADP and N1′-
methoxycarbonyl biotin methyl ester bound, which was refined using REFMAC.17 Manual 
rebuilding was performed in COOT.18 All water molecules and ions added were manually 
verified after the final refinement. The data collection and refinement statistics for each of 
the structures are listed in Table 1.
RESULTS
Structures of Biotin Carboxylase Bound to Substrates
Biotin carboxylase from H. inf luenzae was cocrystallized with the stable ATP analogue 
AMPPCP and HCO3−. The structure was determined and refined to a resolution of 1.69 Å. 
Consistent with the other structures of biotin carboxylase with nucleotide bound, the B-
domain is in the closed conformation. The electron density corresponding to AMPPCP and 
HCO3− is shown in Figure 3A. This is the first structure of biotin carboxylase with the 
substrates ATP (or in this case a stable analogue of ATP) and bicarbonate bound in the 
active site.
AMPPCP bound to biotin carboxylase where every other nucleotide has been observed to 
bind. Details about nucleotide binding in biotin carboxylase, including the amino acids 
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involved, have been extensively reviewed.7 The bicarbonate ion binds in the active site 
where there are several positively charged amino acids, specifically, R292, R338, and K238 
(Figure 3B). In addition, the side chain of E296 and the peptide NH group of V295 are 
within hydrogen bonding distance of bicarbonate (Figure 3B). The binding site for the 
bicarbonate ion confirms an earlier structure (PDB entry 3G8C) of biotin carboxylase that 
had ADP, a product of the reaction, and bicarbonate bound to the enzyme.13 An intriguing 
aspect of the bicarbonate/AMPPCP structure described here (PDB entry 4MV3) is that when 
it is superimposed with the original structure of biotin carboxylase (PDB entry 1BNC), 
which contained a phosphate ion in the active site that originated from the crystallization 
solution,10,11 the bicarbonate and phosphate ions occupy the exact same binding site (Figure 
3C) and, as such, utilize the same cohort of amino acids for binding.
The structure of biotin carboxylase bound to AMPPCP and HCO3− provides the structural 
context for understanding why hydrolysis of ATP in the presence of HCO3− to form the 
carboxyphosphate is very slow (kcat = 0.07 min−1).19 The distance between the closest 
oxygen on HCO3− and the phosphorus atom of the γ-phosphate group of AMPPCP is 5.8 Å 
(Figure 3A). This large distance between the two reactants is important physiologically 
because it ensures that ATP does not undergo any appreciable reaction with HCO3− in the 
absence of biotin. It is important to point out that the structure of AMPPCP and the HCO3− 
does not contain any Mg2+ ions that are required for enzymatic activity.6 However, a super-
imposition of the AMPPCP and the HCO3− structure with biotin carboxylase structures that 
contained AMPPCP and one Mg2+(PDB entry 4MV4) and two Mg2+ ions (PDB entry 
2VPQ)12 revealed that the distances between an oxygen of HCO3− and the phosphorus atom 
of the γ-phosphate group of AMPPCP were 6.3 and 4.9 Å, respectively. Thus, even in the 
presence of Mg2+, the distance between AMPPCP and the HCO3− is still not sufficiently 
short for reaction.
The substrate HCO3− can apparently bind to the enzyme in the absence of AMPPCP (and by 
inference ATP) because a 1.98 Å resolution structure of biotin carboxylase with only 
HCO3− bound (PDB entry 4MV9) (Figure 3D) revealed that it binds in the same position as 
when AMPPCP is present (PDB entry 4MV3). The observation that HCO3− can bind in the 
absence of the nucleotide strongly suggests that HCO3− and ATP bind to biotin carboxylase 
by a random kinetic mechanism as originally proposed by Tipton and Cleland.20
Structures of Biotin Carboxylase Bound to Carboxyphosphate Analogues
After substrate binding, the first step in catalysis is the reaction of HCO3− with ATP to form 
carboxyphosphate.21 Carboxyphosphate (Figure 1A) is a very unstable molecule with an 
estimated half-life of 70 ms.22 Therefore, biotin carboxylase was cocrystallized with the 
stable analogues of carboxyphosphate, phosphonoacetamide (Figure 1B), and 
phosphonoformate (Figure 1C). The structures of biotin carboxylase bound to 
phosphonoacetamide and phosphonoformate were determined and refined to resolutions of 
1.77 and 1.73 Å, respectively. The electron density corresponding to phosphonoacetamide 
and phosphonoformate is shown in panels A and B of Figure 4. The phosphonate moieties of 
both phosphonoacetamide and phosphonoformate bind in the same position and orientation. 
Moreover, the phosphonate moieties of both phosphonoacetamide and phosphonoformate 
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bound in the same position as bicarbonate (PDB entries 4MV3 and 4MV9) and phosphate 
(PDB entry 1DV1). As such, the phosphonate moiety interacts with the same set of residues 
as bicarbonate and phosphate, namely, R292, K238, E296, and the main chain amide of 
V295 (Figure 4C). The side chain of R338 interacts with the carbonyl oxygen of 
phosphonoacetamide (Figure 4C).
These structural observations are consistent with kinetic data derived from an alternate 
reaction catalyzed by biotin carboxylase in which the phosphoryl group of carbamoyl 
phosphate (Figure 1D) is transferred to ADP to form ATP and carbamic acid.23 Because 
carbamoyl phosphate is a structural analogue of carboxyphosphate, this reaction was 
considered to be the reverse reaction catalyzed by biotin carboxylase and was the first piece 
of evidence suggesting a carboxyphosphate intermediate.23 When bicarbonate was used as 
an inhibitor, it exhibited competitive inhibition with respect to carbamoyl phosphate with a 
Ki value of 0.66 ± 0.11 mM, which is similar to the Km value for bicarbonate of 0.37 ± 0.04 
mM.19 When phosphate was used as an inhibitor, it also exhibited competitive inhibition 
with respect to carbamoyl phosphate with a Ki value of 2.2 ± 0.2 mM. Thus, the kinetic data 
confirm the structural findings that bicarbonate and phosphate bind in the same place in the 
active site.
The orientation of phosphonoacetamide in the active site is also consistent with this alternate 
reaction. When the structure of biotin carboxylase with phosphonoacetamide bound is 
superimposed with a structure (PDB entry 4MV1) that contained phosphate and ADP, the 
phosphonate moiety overlays with phosphate while the carbamate moiety is pointed in the 
opposite direction of ADP (Figure 4D). This is the orientation of phosphonoacetamide in the 
active site that would be expected because it allows the β-phosphorus atom of ADP to react 
with the phosphate of carbamoyl phosphate to form ATP. The distance between the 
phosphonate oxygen in phosphonoacetamide and the β-phosphorus atom of ADP is 7.2 Å. 
This large distance is consistent with the relatively low turnover number (50 min−1) for the 
reverse reaction of biotin carboxylase.19 However, the addition of biotin does significantly 
increase the rate of the reverse reaction.19 A possible molecular basis for stimulation of the 
reaction by biotin can be seen if the structure of biotin carboxylase bound to 
phosphonoacetamide is superimposed on the structure of the enzyme bound to biotin (PDB 
entry 3G8C).13 The acetamide moiety of phosphonoacetamide overlays perfectly with the 
ureido ring of biotin (Figure 4E), which is not surprising given the structural similarity 
between the two. Biotin could stimulate the rate of reaction of carbamoyl phosphate with 
ADP by displacing carbamoyl phosphate from its binding site pushing it closer to ADP. 
Thus, because of the overlapping binding sites of biotin and phosphonoacetamide (and by 
inference carbamoyl phosphate), it is not clear if this is the binding site for the 
carboxyphosphate intermediate. This uncertainty is also supported by the fact that 
phosphonoacetamide does not align with phosphonoacetate, another structural analogue of 
carboxyphosphate, bound to pyruvate carboxylase, a related biotin-dependent enzyme 
(Figure 4F).24 In fact, phosphonoacetate was found to assume two possible orientations in 
pyruvate carboxylase (Figure 4F).24
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Structures of Biotin Carboxylase Bound to Products
After carboxyphosphate formation, the carboxyl group is transferred to the 1′ nitrogen of 
biotin to form the product carboxybiotin (Figure 1E). Carboxybiotin is a relatively unstable 
molecule with a half-life of 2.5 h at pH 7.0,25 which makes it unsuitable for crystallographic 
trials. Therefore, the stable methyl ester of carboxybiotin, N1′-methoxycarbonyl biotin 
methyl ester (Figure 1F), was used for structural analysis. N1′-Methoxycarbonyl biotin 
methyl ester was synthesized by a modification of the procedure described by Knappe et 
al.26 and cocrystallized with biotin carboxylase along with another product of the reaction, 
ADP. The structure was determined and refined to a resolution of 1.98 Å. The electron 
density corresponding to N1′-methoxycarbonyl biotin methyl ester is shown in Figure 5A. 
The electron density for the valeric acid side chain of biotin is discontinuous, presumably 
because of flexibility caused by the side chain’s lack of interactions with active site amino 
acids. In contrast, the electron density for the 1′ nitrogen of the ureido ring and the 
methoxycarbonyl group is better defined because of multiple interactions with residues in 
the active site of biotin carboxylase. The methyl ester moiety corresponding to the carboxyl 
group of carboxybiotin binds in the same position occupied by HCO3− and phosphate and, 
as such, interacts with the same set of amino acids, namely, R338, K238, and R292 (Figure 
5B). The side chain of E296 also interacts with the carboxymethyl ester moiety. In addition, 
R292 interacts with the carbonyl oxygen of biotin while R338 is close enough to hydrogen 
bond to the sulfur atom in the thiophene ring of biotin (Figure 5B). The other notable feature 
of the carboxybiotin analogue bound to biotin carboxylase is that the carboxymethyl ester 
moiety is rotated approximately 90° with respect to the plane of the ureido ring of biotin 
(Figure 5B). In contrast, the crystal structure of N1′-methoxycarbonyl biotin methyl ester 
not bound to protein shows the carboxymethyl ester moiety is coplanar with the ureido ring 
of biotin.27 It is important to note that the methyl group of the carboxymethyl ester moiety 
does not interact with any active site amino acids and, therefore, is unlikely to influence the 
orthogonal orientation relative to the ureido ring of biotin.
Biotin carboxylase has an ordered release of products with carboxybiotin leaving first 
followed by phosphate and then ADP.20 Therefore, once carboxybiotin is released, the final 
structure of biotin carboxylase shows the position of the last two products of the reaction, 
ADP and Pi. Biotin carboxylase was cocrystallized with ADP and Pi, and the structure was 
determined and refined to a resolution of 1.91 Å. The electron density corresponding to 
ADP and Pi is shown in Figure 5C. As expected, the product ADP binds in the nucleotide 
binding pocket, while phosphate binds to the same site as the phosphate binding site 
observed in the original structure of biotin carboxylase,10 which is also the HCO3− binding 
site. As such, the phosphate interacts with the same set of amino acids, namely, R292, K238, 
R338, and E296, as bicarbonate.
Thus, all the structures described above have a common theme. That is, biotin carboxylase 
appears to utilize the same set of amino acids to bind the substrate bicarbonate, the reaction 
intermediate carboxyphosphate, and the products carboxybiotin and phosphate. The 
implications of this observation for the catalytic mechanism of biotin carboxylase are 
discussed below.
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Interpretation of these structures in terms of the catalytic mechanism of biotin carboxylase 
begins with the fact that the enzyme needs a source of CO2. Bicarbonate was selected as the 
source of CO2 for biotin carboxylase for two possible reasons. First, the concentration of 
bicarbonate is much higher than that of CO2 at physiological pH values (10 μM CO2 vs 50–
500 μM bicarbonate).28 Most importantly, the Km value for bicarbonate in biotin 
carboxylase is 0.37 ± 0.04 mM,19 which is in the concentration range of bicarbonate found 
at physiological pH values. Second, bicarbonate has a negative charge at physiological pH, 
thereby aiding in binding to the enzyme. The structures presented in this report indicate that 
biotin carboxylase uses a structural motif that binds phosphate to also bind bicarbonate. 
From an evolutionary perspective, this is a simple, straightforward solution for bicarbonate 
binding because it capitalizes on the structural similarity between bicarbonate and phosphate 
and utilizes a phosphate binding site that most likely already existed in the ATP-grasp 
superfamily of enzymes.
Once the substrates are bound to biotin carboxylase, the first catalytic step is the reaction of 
bicarbonate with the γ-phosphate group of ATP to form carboxyphosphate. This reaction 
serves to activate the unreactive bicarbonate for nucleophilic attack by the 1′ nitrogen of 
biotin. The structure of biotin carboxylase with bicarbonate and AMPPCP represents the 
ground state of the reaction because the distance between the closest oxygen of bicarbonate 
and the γ-phosphorus atom is 5.8 Å. This distance between the reactants is necessary to 
prevent unproductive hydrolysis of ATP in the absence of the acceptor biotin. After biotin 
binding, the enzyme must compress bicarbonate and ATP to react and form 
carboxyphosphate. The mechanism of the compression (e.g., conformational change) is not 
known; however, the reaction of bicarbonate and ATP to form carboxyphosphate may be 
rate-determining. This is because the reaction catalyzed by biotin carboxylase exhibits a 
significant inverse kinetic solvent isotope effect; D2O(Vmax/Km) = 0.45 ± 0.1.29,30 The 
inverse kinetic solvent isotope effect was originally attributed to a cysteine residue acting as 
a catalytic base to remove the proton from the 1′ nitrogen of biotin.29 However, several lines 
of evidence have discounted this interpretation.30 Instead, the inverse solvent isotope effect 
observed may be due to the displacement of water from the Mg2+ ions when bicarbonate 
reacts with ATP. The structure of biotin carboxylase from Staphylococcus aureus bound to 
AMPPNP and two Mg2+ ions shows that one of the Mg2+ ions is coordinated to two water 
molecules12 and removal of water coordinated to metal ions exhibits an inverse kinetic 
solvent isotope effect.31–33 Therefore, the inverse kinetic solvent isotope effect observed 
may be due to the displacement of water from the Mg2+ ions when bicarbonate reacts with 
ATP. If formation of the unstable carboxyphosphate is rate-determining, then transfer of the 
carboxyl group to the 1′ nitrogen of biotin is likely to occur very fast.
There are two competing theories for the transfer of the carboxyl group of carboxyphosphate 
to the 1′ nitrogen of biotin. One postulates that carboxyphosphate decomposes in the active 
site to form phosphate and CO2, which is the carboxylating agent.4 The other mechanism 
involves direct attack of the 1′ nitrogen of biotin on the carboxyl group of 
carboxyphosphate, which would require biotin carboxylase to accommodate and stabilize a 
dianionic tetrahedral structure.4 The structure of the enzyme bound to the carboxybiotin 
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analogue N1′-methoxycarbonyl biotin methyl ester reveals the region of the active site 
where biotin carboxylation likely occurs, which also turns out to be the phosphate binding 
site (Figure 5B). The positively charged amino acids that interact with the tetrahedral 
dianionic phosphate could also interact and stabilize a tetrahedral dianionic transition state 
(Figure 6). Consistent with this model is that mutation of residues that interact with 
phosphate and the carboxybiotin analogue N1′-methoxycarbonyl biotin methyl ester, R338 
and K238, resulted in decreases in activity of several hundred-fold (R338S)34 to a thousand-
fold (K238Q).30 Most importantly, the mutant enzymes exhibited a significant uncoupling 
of ATP hydrolysis from carboxylation of biotin, consistent with a role in the transfer of the 
carboxyl group from carboxyphosphate to biotin. It is important to note that mutational 
analysis of residues homologous to R338, K238, and R292 in the biotin-dependent enzyme 
pyruvate carboxylase were also found to be critical for transfer of the carboxyl group from 
carboxyphosphate to biotin.5 Residues R338 and K238 could not only neutralize the 
dianionic transition state but also rotate the carboxyl group orthogonal to the plane of the 
ureido ring. This is the first experimental evidence that supports the proposal by Gregory et 
al.35 that biotin-dependent carboxylases must rotate the carboxyl group of carboxybiotin out 
of the plane of the ureido ring for carboxylation and decarboxylation of biotin to occur. The 
structure of biotin carboxylase bound to N1′-methoxycarbonyl biotin methyl ester also 
shows that R292 interacts with the carbonyl oxygen of the biotin. This is consistent with the 
observation that the R292A mutant decreased activity 100-fold but did not uncouple ATP 
hydrolysis from biotin carboxylation.19 It is important to point out that R292 is the only 
residue that interacts with the carbonyl oxygen of biotin that forms an oxyanion during the 
carboxylation reaction.4 Perrin and Dwyer have pointed out that complete neutralization or 
protonation of the carbonyl oxyanion would actually inhibit carboxylation by decreasing the 
nucleophilicity of the 1′ nitrogen of biotin.36 Thus, having only a single amino acid interact 
with the carbonyl oxygen of biotin is consistent with this theory.
The formation of the oxyanion of biotin during catalysis must coincide with the removal of 
the proton from N1′ of biotin. The interaction of R292 with the carbonyl oxygen of biotin 
helps to lower the pKa of N1′ of biotin, facilitating abstraction by an active site base.36 The 
closest amino acid that could act as a base is E296; however, mutation of this residue 
yielded an enzyme with 90% of the activity of the wild type.13 Therefore, the prevailing 
model is that biotin carboxylase utilizes substrate-assisted catalysis whereby the phosphate 
of carboxyphosphate abstracts the proton from biotin, generating dibasic phosphate, which is 
a good leaving group.5
If this is the mechanism for proton abstraction, then what is the position of biotin during 
carboxyl transfer? The structure of biotin carboxylase with biotin bound can be considered 
to represent the ground state of substrate binding,13 while the N1′-methoxycarbonyl biotin 
methyl ester structure represents the ground state for product binding. When the two 
structures of biotin are superimposed, they occupy the same place in the active site but with 
different orientations (Figure 7). Therefore, the position of biotin in the transition state is 
likely to be somewhere between biotin and the carboxybiotin analogue N1′-
methoxycarbonyl biotin methyl ester. It should be noted that the position of biotin bound to 
the biotin carboxylase domain of pyruvate carboxylase is 5.7 Å from the biotin observed in 
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the two structures of E. coli biotin carboxylase and, therefore, will not be considered further. 
Given the short half-life of carboxyphosphate of 70 ms,22 the mechanism proposed here for 
the direct transfer of the carboxyl group from carboxyphosphate to biotin is likely to be very 
fast, which is consistent with the very small carbon isotope effect [13(V/K) = 1.007] for 
biotin carboxylase.29 If carboxyl transfer were the rate-limiting step in catalysis, the isotope 
effect would be ~1.04.
There is precedent for the direct attack model for carboxyl transfer described here. First, 
model chemical studies have shown that the conjugate base of urea can act as a nucleophile 
on an ionized carboxyl group with general acid catalysis required to stabilize the dianionic 
intermediate.37 Second, the direct attack model for carboxyl transfer is consistent with biotin 
carboxylase being a member of the ATP-grasp superfamily of enzymes. For instance, in the 
reaction catalyzed by another member of that superfamily, D-Ala-D-Ala ligase, ATP reacts 
with the carboxyl group of D-Ala to form an acylphosphate. The amino group of the second 
D-Ala then directly attacks the carbonyl group of the acylphosphate intermediate.38 In fact, 
for the overwhelming majority of enzymes in the ATP-grasp superfamily, the nucleophile 
attacks the acylphosphate intermediate directly because the intermediate does not 
decompose in the active site. Moreover, in the only other ATP-grasp enzyme that also 
utilizes ATP to activate bicarbonate, carbamoyl phosphate synthetase, it has been shown 
experimentally that the ammonia attacks the carboxyphosphate intermediate directly and not 
via CO2.39 Thus, the structural observations in this report suggesting direct transfer of the 
carboxyl group from carboxyphosphate to biotin are consistent with the chemical 
mechanisms of the other ATP-grasp enzymes.
In summary, having bicarbonate and phosphate share a binding site was very parsimonious 
from an evolutionary point of view. A single structural motif, the phosphate binding site, not 
only doubles as a binding site for bicarbonate but also serves as the binding site for the 
tetrahedral transition state for carboxylation. Using the same set of active site amino acids to 
perform multiple functions means these residues are critical for catalysis and any mutation 
would cripple the enzymatic function. As such, the phosphate/bicarbonate binding site is an 
ideal site for developing ligands that can act as inhibitors. In turn, these inhibitors can be 
tested for antibacterial activity because biotin carboxylase has been validated as a target for 
antibiotic development.40–42 Lastly, as atmospheric CO2 levels continue to rise, there is a 
growing need for small synthetic catalysts that bind CO2/HCO3− and convert it into a useful 
energy source.43 Perhaps the mechanism by which nature binds bicarbonate in biotin 
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Structures of biotin carboxylase substrates, products, product analogues, the reaction 
intermediate, and reaction intermediate analogues.
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(A) Ribbon drawing of biotin carboxylase without substrate bound. The three domains are 
highlighted as the A-domain (deep blue), B-domain (pale green), and C-domain (pale 
yellow) that will remain consistent throughout the figures. (B) Ribbon drawing of biotin 
carboxylase without substrates bound, Protein Data Bank entry 1BNC (white), 
superimposed on biotin carboxylase with AMPPCP and bicarbonate bound, Protein Data 
Bank entry 4MV3 (colored).
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(A) Electron density corresponding to AMPPCP and bicarbonate. The displayed electron 
density is a simulated annealing |Fo − Fc| map contoured at 3σ from which the coordinates 
for the ligands were omitted. The distance between the oxygen of bicarbonate and the γ-
phosphorus atom is in angstroms. (B) Intermolecular interactions between bicarbonate and 
biotin carboxylase. Possible hydrogen bonds are indicated by dashed lines. (C) Biotin 
carboxylase bound to AMPPCP and bicarbonate (PDB entry 4MV3) superimposed onto 
biotin carboxylase with phosphate bound (PDB entry 1BNC). (D) Electron density 
corresponding to bicarbonate. The displayed electron density is a simulated annealing |Fo − 
Fc| map contoured at 3σ from which the coordinates for the ligand were omitted.
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(A) Electron density corresponding to phosphonoacetamide. The displayed electron density 
is a simulated annealing |Fo − Fc| map contoured at 3σ from which the coordinates for the 
ligand were omitted. (B) Electron density corresponding to phosphonoformate. The 
displayed electron density is a simulated annealing |Fo − Fc| map contoured at 3σ from 
which the coordinates for the ligand were omitted. (C) Intermolecular interactions between 
phosphonoacetamide and biotin carboxylase. Possible hydrogen bonds are indicated by 
dashed lines. (D) Biotin carboxylase bound to phosphonoacetamide (PDB entry 4MV6) 
superimposed onto biotin carboxylase with phosphate and ADP bound (PDB entry 4MV1). 
The distance between the oxygen of ADP and the phosphorus atom of phosphonoacetamide 
is in angstroms. (E) Biotin carboxylase bound to phosphonoacetamide (PDB entry 4MV6) 
superimposed onto biotin carboxylase with biotin bound (PDB entry 3G8C). (F) Biotin 
carboxylase bound to phosphonoacetamide (PDB entry 4MV6) superimposed onto pyruvate 
carboxylase with phosphonoacetate bound (PDB entry 3TW6).
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(A) Electron density corresponding to N1′-methoxycarbonyl biotin methyl ester and ADP. 
The displayed electron density is a simulated annealing |Fo − Fc| map contoured at 3σ from 
which the coordinates for the ligands were omitted. (B) Intermolecular interactions between 
bicarbonate and biotin carboxylase. Possible hydrogen bonds are indicated by dashed lines. 
(C) Electron density corresponding to phosphate and ADP. The displayed electron density is 
a simulated annealing |Fo − Fc| map contoured at 3σ from which the coordinates for the 
ligands were omitted.
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Schematic of the proposed tetrahedral transition state for the direct transfer of CO2 from the 
carboxyphosphate intermediate to N1′ of biotin.
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Biotin carboxylase bound to N1′-methoxycarbonyl biotin methyl ester (PDB entry 4RZQ) 
superimposed onto biotin carboxylase with biotin bound (PDB entry 3G8C).
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